ABSTRACT: Lattice dynamics and structural instabilities are strongly implicated in dictating the electronic properties of perovskite halide semiconductors. We present a study of the vacancy-ordered double perovskite Rb 2 SnI 6 and correlate dynamic and cooperative octahedral tilting with changes in electronic behavior compared to those of Cs 2 SnI 6 . Though both compounds exhibit native n-type semiconductivity, Rb 2 SnI 6 exhibits carrier mobilities that are reduced by a factor of ∼50 relative to Cs 2 SnI 6 . From synchrotron powder X-ray diffraction, we find that Rb 2 SnI 6 adopts the tetragonal vacancyordered double perovskite structure at room temperature and undergoes a phase transition to a lower-symmetry monoclinic structure upon cooling, characterized by cooperative octahedral tilting of the [SnI 6 ] octahedra. X-ray and neutron pair distribution function analyses reveal that the local coordination environment of Rb 2 SnI 6 is consistent with the monoclinic structure at all temperatures; we attribute this observation to dynamic octahedral rotations that become frozen in to yield the low-temperature monoclinic structure. In contrast, Cs 2 SnI 6 adopts the cubic vacancy-ordered double perovskite structure at all temperatures. Density functional calculations show that static octahedral tilting in Rb 2 SnI 6 results in marginally increased carrier effective masses, which alone are insufficient to account for the experimental electronic behavior. Rather, the larger number of low-frequency phonons introduced by the lower symmetry of the Rb 2 SnI 6 structure yield stronger electron−phonon coupling interactions that produce larger electron effective masses and reduced carrier mobilities relative to Cs 2 SnI 6 . Further, we discuss the results for Rb 2 SnI 6 in the context of other vacancy-ordered double perovskite semiconductors, in order to demonstrate that the electron−phonon coupling characteristics can be predicted using the geometric perovskite tolerance factor. This study represents an important step in designing perovskite halide semiconductors with desired charge transport properties for optoelectronic applications.
■ INTRODUCTION
Inorganic perovskite halide-based materials have presented a paradigm shift in the search for new high performance semiconductors. The high amplitude lattice dynamics and low elastic moduli, yet excellent carrier dynamics and electronic behavior, suggest that elucidation of structure−dynamics− property relationships is required in order to fully understand these materials. 1, 2 The perovskite family is typified by the general formula ABX 3 , and the structure is formed by a network of corner sharing [BX 6 ] octahedra bridged by A-site cations in the cuboctahedral void. A hallmark of the perovskite family is cooperative octahedral tilting (static and dynamic) of the [BX 6 ] framework, which typically arises from a size mismatch between the A-site cation and the cuboctahedral void formed by 12 neighboring X-site anions, as predicted by the Goldschmidt tolerance factor, = + + t r r r r ( )/ 2( ) A X B X . 3−5 Octahedral tilting distortions are well-known to influence the optoelectronic properties of perovskite halides, as the electronic states of the B-and X-site ions dominate the conduction and valence band edges. 6 Static octahedral tilting distortions affect the electronic dispersions of the B and X states through deviation in the X−B−X bond angle from 180°, yielding smaller carrier mobilities and higher resistivities. 7 Changes in these bond angles also affect the relative energies of the conduction and valence band edges, resulting in a widening of the band gap with correspondingly larger octahedral tilting distortions. 8−11 Further, dynamic octahedral tilting of the [BX 6 ] framework has recently been implicated in the formation of polarons via electron−phonon coupling, which are hypothesized to protect carriers and screen crystallographic defects, thereby prolonging carrier excited state lifetimes and reducing carrier mobilities. 12−17 Vacancy-ordered double perovskites are a subset of the ordered double perovskite family with the general formula A 2 BX 6 . The structure is formed by a face-centered lattice of isolated [BX 6 ] octahedral units bridged by A-site cations. Similar to ordered double perovskites, vacancy-ordered double perovskites undergo successive octahedral tilting distortions according to the group-subgroup relationship a − (P2 1 /n), 18, 19 and the proclivity of these materials to undergo octahedral tilting can be predicted by the "radius ratio", which is defined as the ratio of the A-site cation radius to the radius of the cuboctahedral site formed by the X 12 cage. 20, 21 As in conventional ABX 3 perovskites, the electronic properties of vacancy-ordered double perovskites are directly dictated by the electronic states of the B-and X-site ions at the valence and conduction band edges. Close-packing of the halogen framework provides dispersive electronic states and a framework for mobile carriers, while the interaction of the B-site cations with the coordinating X-site anions dictates the band positions, optical gaps, and tolerance to crystallographic defects. 21−24 Although the electronic states of the A-site cations are typically far from the frontier electronic states in vacancyordered double perovskites, 21 varying the identity of the A-site can indirectly influence characteristics such as carrier mobilities and band gap through changes in the dynamics of the surrounding inorganic framework. Our recent study of the vacancy-ordered double perovskites A 2 SnI 6 , where A = Cs + , CH 3 NH 3 + (methylammonium), and CH(NH 2 ) 2 + (formamidinium) revealed significant lattice anharmonicity in the hybrid compounds, resulting in more tightly bound polarons and subsequently reduced carrier mobilities across the series. 25 Due to the large sizes and hydrogen bonding capabilities of the CH 3 NH 3 + and CH(NH 2 ) 2 + cations, the anharmonic effects appear to manifest as random rotations of the isolated [SnI 6 ] octahedral units rather than through typical cooperative tilting motifs.
In this contribution, we present a study of the tin(IV) iodidebased vacancy-ordered double perovskite Rb 2 SnI 6 and compare the observed structural and electronic properties to those of Cs 2 SnI 6 and other A 2 SnI 6 compounds. Both Rb 2 SnI 6 and Cs 2 SnI 6 exhibit native n-type conductivity, though Rb 2 SnI 6 exhibits carrier mobilities that are reduced by ∼50-fold relative to Cs 2 SnI 6 . Crystallographic analysis reveals that Rb 2 SnI 6 crystallizes in the tetragonal modification of the vacancyordered double perovskite structure at room temperature due to cooperative tilting of the [SnI 6 ] octahedral units. Upon cooling, Rb 2 SnI 6 undergoes further octahedral tilting to a lowersymmetry monoclinic structure. X-ray and neutron pair distribution function analysis reveal that the local coordination environment is best described by the monoclinic structure at all temperatures. This can be rationalized through bond valence sum analysis, which suggests that the Rb + ion coordination is optimized in the monoclinic structure. Calculation of the phonon dispersions indicate that, although the tetragonal structure is dynamically stable, the lowest-frequency optical phonon polarization corresponds to cooperative octahedral tilting that yields the monoclinic structure. This strongly implicates octahedral rotational dynamics in driving the structural phase transition. Density functional calculations reveal that cooperative octahedral tilting in Rb 2 SnI 6 results in marginally smaller electron effective masses due to subtle changes in the close-packed iodide framework, which alone cannot account for the changes in carrier mobility observed experimentally. Rather, we find that the lower symmetry of Rb 2 SnI 6 relative to Cs 2 SnI 6 yields stronger electron−phonon coupling due to the larger number of nondegenerate lowfrequency phonons that contribute to the dielectric response of the lattice and produce more tightly bound polarons that reduce charge carrier mobilities. From these results we show that simple models such as bond valence sum and the perovskite tolerance factor serve as effective predictors for charge transport behavior in vacancy-ordered double perovskite semiconductors.
■ METHODS AND MATERIALS
Materials Synthesis. SnI 4 23, 25 and Cs 2 SnI 6 23, 26 were prepared by previously reported methods. Rb 2 SnI 6 was synthesized via solution precipitation. To a 20 mL scintillation vial was added 0.2 g of SnI 4 , 10.0 mL of isopropanol, and 1.0 mL of hydriodic acid (57% aq., unstabilized). The solution was heated to T = 60°C while stirring to dissolve the entire mass of SnI 4 . In a separate scintillation vial was added a stoichiometric amount of Rb 2 CO 3 to 2.0 mL of hydriodic acid and stirred to dissolve the solid. We note that it is important to minimize the length of time over which the Rb 2 CO 3 is allowed to sit in the hydriodic acid, to prevent the formation of RbI 3 . Once the solids had dissolved in both solutions, the RbI solution was added all at once to the warm SnI 4 /isopropanol solution. The scintillation vial was capped and stirred gently for 30 min to cool to room temperature. The solution was further cooled in an ice bath for an additional 30 min while stirring to induce precipitation. The black precipitate was collected via centrifugation and washed with a small amount of cold isopropanol. The product was dried in air at T = 60°C for 24 h. We note that unstabilized hydriodic acid is required for successful precipitation of the final product; use of HI containing the H 3 PO 2 stabilizer typically results in precipitation of bright orange crystals, which are presumably due to precipitation of the SnI 4 precursor.
Structural Characterization. High-resolution synchrotron powder X-ray diffraction data for Rb 2 SnI 6 were collected from the diffractometer on beamline 11-BM-B at the Advanced Photon Source, Argonne National Laboratory, at T = 295 K and T = 100 K. 27 The data were analyzed with the Rietveld method implemented in GSAS/ EXPGUI. 28, 29 VESTA was used to visualize and render all crystal structures presented in this publication. 30 Synchrotron X-ray scattering data suitable for pair distribution function (PDF) analysis were collected at beamline 11-ID-B at the Advanced Photon Source, Argonne National Laboratory, using 86 keV photons and sample−detector distance of 25 cm. Powdered samples of Rb 2 SnI 6 were loaded into polyimide capillaries and measured in transmission geometry at room temperature using a PerkinElmer amorphous silicon image plate detector. 31 The program Fit2D 32 was used to calibrate the sample to detector distance and detector alignment with data from a CeO 2 powder standard. Raw scattering data was integrated into Q-space spectra, applying a mask and polarization correction during integration. Experimental PDFs were extracted using PDFgetX2 33 and analyzed using PDFgui. 34 The normalized total scattering pattern, S(Q), was produced in PDFgetX2 by subtracting polyimide container scattering, utilizing the appropriate sample composition, and applying standard corrections for the area detector setup. 31 The pair distribution function pattern, G(r), was calculated via sine Fourier transformation of the total scattering data utilizing a maximum Q of 23. and Q broad = 0.021102 Å −1 were extracted from refinement of a TiO 2 anatase standard in PDFgui and used for further refinement.
Neutron scattering measurements were performed on the NOMAD instrument at the Spallation Neutron Source, Oak Ridge National Laboratory. A powdered sample of Rb 2 SnI 6 was loaded into a 6 mm
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Article vanadium sample can and sealed under a He atmosphere. Total scattering data were collected at T = 2, 10, 150, 250, and 300 K in the cryostat sample environment. Data were normalized against scattering data collected for a vanadium rod, and background scattering from the vanadium can was subtracted. Total scattering data of Cs 2 SnI 6 at T = 10 K were collected on a powdered sample of Cs 2 SnI 6 sealed into a 6 mm vanadium sample can under a He atmosphere utilizing the cryostat sample environment. Data were normalized against scattering data collected for a vanadium rod, and background scattering from the vanadium can was subtracted. Total scattering data of Cs 2 SnI 6 at T = 90 K and T = 300 K were collected on powdered samples of Cs 2 SnI 6 sealed into a quartz capillary (capillary diameter = 3.0 mm) in the multisample changer. Data were normalized against scattering data collected for an empty glass capillary, and background scattering from the empty capillary was subtracted.
For all neutron total scattering experiments, the data were merged to the total scattering structure function using the IDL codes developed for the NOMAD instrument. 35 The pair distribution function was then produced through the sine Fourier transform of the total scattering structure function utilizing Q max = 31. were extracted from refinement of a silicon standard. Analysis of the nPDFs was performed using PDFgui.
Optical and Electronic Properties. UV−visible diffuse reflectance spectroscopy was performed on powdered samples of Rb 2 SnI 6 diluted to 15 wt % in BaSO 4 , using BaSO 4 as a baseline. Spectra were acquired using a Thermo Nicolet Evolution 300 spectrophotometer with a Praying Mantis mirror setup from λ = 600−1000 nm at a scan rate of 240 nm/min.
Electrical resistance measurements were performed on cold-pressed polycrystalline pellets of Rb 2 SnI 6 using a Physical Properties Measurement System (Quantum Design, Inc.). The measurements were collected in a linear 4-probe configuration using Pt wires and Agpaste contacts. Similar results were obtained when Au paste was used. Hall measurements were collected on a cold-pressed polycrystalline pellet in the Van der Pauw configuration at T = 300 K with Pt wires contacted to the edge of the cylindrical pellet using Ag paste. 4-probe sample geometry: l = 0.35(1) cm, w = 0.35(1) cm, h = 0.05(1) cm. Hall probe sample thickness: t = 0.08(1) cm.
Density Functional Theory Calculations. Density functional theory calculations were performed using the Vienna Ab initio Simulation Package (VASP).
36−39 A plane-wave basis set was employed, with the interactions between core and valence electrons described using the Projector Augmented Wave (PAW) method. 40 This study employed two functionals: PBEsol, 41 a version of the Perdew, Burke and Erzorhof (PBE) functional 42 revised for solids, and the hybrid functional HSE06 which combines 75% exchange and 100% of the correlation energies from PBE, together with 25% exact Hartree−Fock (HF) exchange at short-range. 43 PBEsol has been shown to reproduce the structural and vibrational properties of many compounds containing weakly dispersive interactions, such as in the vacancy-ordered double perovskites 25 and other layered halide systems.
44, 45 The band structures were calculated along a reciprocal space path defined between all high-symmetry points in the Brillouin zone, as detailed by Bradley and Cracknell. 46 For density of states, band structure, and high-frequency dielectric response calculations, special attention was paid to capturing the effects of electron−electron interactions through use of the HSE06 hybrid functional. 47, 48 Furthermore, the relativistic effects seen in Sn and I were taken into account through use of scalar relativistic pseudopotentials and explicit treatment of spin−orbit coupling effects. 49 This combination of HSE06+SOC has been shown to provide an accurate description of the electronic structure of many metal−halide containing semiconductors. 50, 51 A k-point sampling mesh of Γ centered 3 × 3 × 2 and plane wave energy cutoff of 350 eV were found to converge the total energy to 1 meV/atom for all systems studied. The structures were relaxed using HSE06 until the forces on all atoms totaled less than 0.01 eV Å −1 . The HSE06 optimized crystal structures can be found online in a public repository.
52
The ionic contribution to the dielectric constants were calculated using the PBEsol functional within density functional perturbation theory (DFPT), 53 with a denser 6 × 6 × 4 Γ-centered k-point mesh necessary to reach convergence. The phonon band structure was calculated using the finite-displacement method in a 3 × 3 × 2 (324 atom) supercell using a 1 × 1 × 1 k-point mesh. The DFPT calculations were performed on structures relaxed using PBEsol, due to the high computational expense of performing DFPT calculations using hybrid DFT. The high-frequency real and imaginary dielectric functions were calculated from the optical transition matrix elements within the transversal approximation, 54 obtained at a denser 6 × 6 × 3 Γ-centered k-point mesh. Band alignments were performed using a vacuum−slab model (35 Å slab, 35 Å vacuum) with a (101) surface. The corresponding electrostatic potential was averaged along the cdirection using the MacroDensity package, 55 with the energy of the potential at the plateau used as the external vacuum level. Slab calculations were performed using the HSE06 functional, with a correction for the valence band energy and band gap taken from the HSE06+SOC calculated bulk.
Polaron mobilities were calculated within a temperature-dependent Feynman model, as implemented in the codes produced by Frost. 56 A full definition of the methodology is described elsewhere in the literature. 57 Crucially, the electron−phonon coupling is approximated without empirical parameters, using a highly idealized model. 58−60 The band structure is represented only as the effective mass approximation, with the physical response of the lattice given by the optical and static dielectric constants and an effective phonon-response frequency. This method has recently been applied to calculate the electron mobilities in the hybrid perovskites 57 and other vacancy-ordered double perovskites. 25 ■ RESULTS Structural Characterization. Rubidium tin(IV) iodide crystallizes in the tetragonal modification of the vacancyordered double perovskite structure (space group P4/mnc) at room temperature, in contrast to a previous report of a cubic structure. 61 The structure is characterized by in-phase cooperative octahedral rotations about the c-axis by ∼11°( a 0 a 0 c + in Glazer notation) relative to the cubic aristotype, as shown in Figure 1a ,b. The tetragonal structural model was refined against high-resolution synchrotron powder X-ray diffraction (SXRD) data shown in Figure 2a ,b.
Upon cooling to T = 100 K, Rb 2 SnI 6 undergoes a phase transition to monoclinic symmetry (space group P2 1 /n), characterized by out-of-phase tilting of the octahedra in the ab plane by ∼5°(a − a − c + ), in addition to the 11°tilt about the c-axis. The transition is evidenced by splitting of the (202) reflection in the SXRD patterns shown in Figure 2c ,d and is consistent with the series of symmetry-lowering phase transitions commonly observed in other members of the vacancy-ordered double perovskite family and with those predicted for ordered double perovskites. 18, 62, 63 Structural and statistical parameters generated from Rietveld refinements of the tetragonal and monoclinic structural models against the SXRD data can be found in Table 1 , and crystallographic information files are included as Supporting Information.
Temperature-dependent neutron scattering data collected on the NOMAD beamline at the Spallation Neutron Source, Oak Ridge National Laboratory, provide insight into the phase behavior of Rb 2 SnI 6 . Low-fidelity scans were collected continuously upon cooling from T ∼ 298 K to T ∼ 10 K. The reflections shift to higher Q with decreasing temperature
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Article consistent with thermal contraction of the lattice upon cooling and show subtle evidence of a phase transition near T ∼ 189 K ( Figure S1 , as elaborated in the SI).
Electronic and Optical Properties. Electrical resistivity measurements of Rb 2 SnI 6 performed in a 4-probe configuration reveal semiconducting behavior, as evidenced by increasing resistivity upon cooling shown in Figure 3 . At T = 300 K, Rb 2 SnI 6 exhibits a bulk resistivity of ρ = ∼5 × 10 5 Ω·cm, which is approximately 5 orders of magnitude larger than that reported for Cs 2 SnI 6 (ρ = 12 Ω·cm). 23 Hall effect measurements at T = 300 K reveal that Rb 2 SnI 6 exhibits native n-type conductivity, consistent with the formation of iodine vacancy defect states that form as shallow donors to the conduction band, as in other tin(IV)-iodide based vacancy-ordered perovskites. 22 Analysis of UV−visible diffuse reflectance spectroscopy data for Rb 2 SnI 6 yields an optical gap of 1.32(2) eV, consistent with the black color of the compound. The optical gap was extracted by converting the raw reflectance data to pseudoabsorbance, F(R), using the Kubelka−Munk function. The optical gap was determined by extrapolating the linear absorption onset region to zero absorbance, as shown in Figure 4 . The optical gap of 1.32(2) eV is slightly larger than the value of 1.23(3) eV determined for Cs 2 SnI 6 by the same method. 23, 25 Local Coordination Environment. X-ray and neutron pair distribution function (XPDF, nPDF) analyses were employed to correlate changes in the local coordination environment with the observed structural and electronic behavior. The XPDF of rubidium tin(IV) iodide at T = 300 K is shown in Figure 5 . The Figure 3 . Temperature-dependent resistivity data of rubidium tin(IV) iodide collected using a 4-probe configuration with Pt wires and Ag paste.
Article local coordination environment of Rb 2 SnI 6 is moderately welldescribed by the tetragonal structural model observed in the powder X-ray diffraction data. Modeling the data with this structural model requires the inclusion of large, anisotropic atomic displacement parameters (ADPs) for the iodine and rubidium atoms, as represented by the thermal ellipsoids on the structural models shown adjacent to the fit. Yet, the model still does not capture the shape of the next-nearest neighbor I−I pair correlation at r ∼ 4 Å. The large ADPs required to provide an adequate fit to the data suggest the presence of disorder (static or dynamic) of the iodine and rubidium atoms within the structure. The fit to the XPDF is significantly improved, both statistically and visually, with the use of the lowtemperature monoclinic structural model determined from the T = 100 K SXRD data, as shown in Figure 5b . The addition of out-of-phase octahedral tilting into the ab plane permitted by the lower symmetry of the monoclinic structure results in significantly smaller isotropic ADPs for all atoms, as shown by the thermal ellipsoids in the corresponding structural model. This analysis indicates that the local coordination environment at T = 300 K is best modeled by the monoclinic structural modification, despite the higher-symmetry tetragonal structure observed by SXRD. This observation is consistent with previous reports of other perovskite halide materials, in which dynamic and cooperative octahedral rotations manifest as a lower-symmetry instantaneous structure 64 in the local coordination environment, yet they average to higher symmetry structures observed by diffraction.
14,16,25,65−68 The large thermal ellipsoids observed for both iodine and rubidium atoms implies that there is strong coupling between octahedral tilting and Rb + displacements, as has been previously presented. 5 Temperature-dependent neutron pair distribution function analysis (nPDF) was performed to probe changes in the local coordination environment of Cs 2 SnI 6 and Rb 2 SnI 6 as a function of temperature. At all temperatures, the local coordination environment of Cs 2 SnI 6 is well-described by the cubic structural model, with no evidence of symmetry-lowering phase transitions, consistent with the corresponding neutron diffraction patterns shown in Figure 6b and with our previous report. 23 We note that a slight asymmetry of the next-nearest neighbor I−I pair correlation at r ∼ 4 Å is observed at T = 300 K, which has been previously attributed to anharmonic lattice dynamics. 25 The fits of the cubic structural model to the nPDF are shown in Figure 6a , and Rietveld refinements of the cubic structural model against the corresponding diffraction data are shown in Figure 6b .
Temperature-dependent nPDFs of Rb 2 SnI 6 provide further insight into the structural behavior observed by SXRD and XPDF. For T > 150 K, the nPDF can be modeled with the tetragonal structural model with the inclusion of large, anisotropic ADPs for the iodine atoms or with the monoclinic structural model with isotropic ADPs, consistent with analysis of the XPDF shown in Figure 5 . Upon cooling to T = 150 K, a low-r shoulder to the next-nearest neighbor I−I pair correlation at r = 4 Å appears, which is only captured by the monoclinic structural model, as shown in Figure 7a . The appearance of this shoulder results in a poor fit to the nPDF when modeling with the higher-symmetry tetragonal structure. Rietveld refinements of the corresponding neutron diffraction data are shown Figure  7b . Data collected at temperatures above T = 150 K are modeled with the tetragonal P4/mnc structure, while data collected at T = 150 K and below are modeled by the P2 1 /n structure.
Electronic Structure Calculations. Density functional calculations were performed to gain insight into the optical and electronic properties of rubidium tin(IV) iodide. The orbitalprojected band structures of Rb 2 SnI 6 in the P4/mnc and P2 1 /n structures, calculated using HSE06+SOC, are shown in Figure  8 . Both symmetries yield direct band gaps, with fundamental band gaps of 1.13 and 1.32 eV occurring at the Γ point (Table  2) . Spin−orbit coupling was found to play a role on the size of the band gaps, with a band gap renormalization of 0.19 and 0.21 eV seen, respectively, mainly though raising of the valence band maximum. For both compounds, the orbital projections reveal the upper valence band to be dominated by I 5p states, with the conduction band minimum derived from hybridization between Sn 5s and I 5p states, in agreement with other A 2 SnI 6 perovskite materials. 23, 25 We note that the calculated fundamental band gap of the P4/mnc phase is significantly Figure 4 . UV−visible diffuse reflectance spectrum for Rb 2 SnI 6 . The data were converted to pseudoabsorbance via the Kubelka−Munk transform, and the optical gap was determined by extrapolating the onset region to zero absorbance, as shown by the black fit. The pink line is the transformed data, the fit is the black line, and zero absorbance is shown as the gray dashed line. The intersection point of the fit and zero absorbance is shown by the black dot. Figure 5 . X-ray pair distribution function of Rb 2 SnI 6 fit to the (a) tetragonal (P4/mnc) and (b) monoclinic (P2 1 /n) structural models. In (a), the XPDF is fit to the tetragonal (P4/mnc) model using anisotropic atomic displacement parameters for iodine and rubidium ions and in (b) the XPDF is fit to the monoclinic (P2 1 /n) structural model using isotropic displacement parameters for all atoms. The thermal ellispoids in the corresponding structural models are shown at 95% probability. (a) Temperature-dependent neutron pair distribution function analysis (nPDF) of Rb 2 SnI 6 extracted from neutron total scattering collected on NOMAD. The nPDFs are best modeled by the monoclinic (P2 1 /n) structure at all temperatures. The x-axis is split to highlight the lowr pair correlations, and the data are offset vertically for clarity. Rietveld refinements of the neutron diffraction data from bank 2 (31°bank) of NOMAD are shown in (b). For T > 150 K, the data are modeled with the tetragonal (P4/mnc) structure. For T ≤ 150 K, the data are modeled by the monoclinic (P2 1 /n) structure. Black circles are the data, the orange lines are the fits, and the blue lines are difference curves. In (b), the gray tick marks indicate the positions of predicted reflections from the P4/mnc and P2 1 /n structures. The x-axis is split to highlight the lower-Q reflections, and the data are offset vertically for clarity. smaller than the optical band gap measured in experiment (1.32 eV). Analysis of the transition dipole moments reveals that, consistent with other A 2 SnI 6 materials, 23 the fundamental band gap is dipole disallowed in both symmetries. Instead, the optical band gap results from transitions originating from the bands ∼0.30 eV below the valence band maximum.

The carrier effective masses, calculated based on parabolic fits of the band edges in three directions around the Γ point, indicate electrons will be relatively mobile, with masses of 0.39 m 0 and 0.44 m 0 seen for the P4/mnc and P2 1 /n phases, respectively. These are marginally larger than the electron effective masses in Cs 2 SnI 6 (m e * = 0.25 m 0 ), 25 likely due to deviations in the close-packed iodine sublattice from octahedral tilting. These changes further manifest as a reduction in the conduction bandwidth, Δε CB , from 1.39 eV seen in Cs 2 SnI 6 , to 0.99 and 0.81 eV, for the P4/mnc and P2 1 /n phases, respectively.
DFT calculations of isolated slab structures surrounded by vacuum reveal the band gap differences between the two phases of Rb 2 SnI 6 are driven by changes in the position of both the valence band maximum and the conduction band minimum. For the P4/mnc phase, the HSE06+SOC calculated ionization potential and electron affinity are 5.82 and 4.70 eV, respectively ( Figure 9 ). Moving to the low temperature P2 1 /n phase, the ionization potential is deeper relative to the vacuum level (5.92 eV), whereas the electron affinity becomes more shallow (4.60 eV). Again, these changes can likely be attributed to subtle distortions of the close-packed iodine sublattice and the reduction in bandwidth of both the upper valence and the lower conduction bands. We note that the band alignments are close to those calculated for Cs 2 SnI 6 , which shows an ionization potential and electron affinity of 5.79 and 4.80 eV, respectively; this is not unexpected due to the similar orbital composition of the valence and conduction bands in these materials.
To further investigate the carrier mobilities in Rb 2 SnI 6 , we have calculated the limits of electron mobility within a temperature-dependent Feynman polaron transport model. This method has recently been applied to the cubic hybrid perovskites 57 and other members of the A 2 SnI 6 series. 25 All required parameters were calculated ab initio and are provided in Table 3 . The electron effective masses necessary for the calculations, m e *, are provided in Table 2 . Within this model, the extent of electron−phonon coupling (α) is used to evaluate the polaron mobility (μ e H , calculated within the Hellwarth model), 58 along with the associated phonon-drag massrenormalization (m r *) and relaxation time (τ). The Hellwarth electron mobilities, μ e H , at T = 300 K are presented in Table 4 .
This model is highly idealized, with the physical response of the lattice parametrized by the optical and static dielectric constants and effective-response frequency. Despite this, previous work applying this method to the hybrid perovskites has shown excellent agreement with experiment. We note that this method does not take into account other scattering processes; therefore, the results will form an upper bound for electron mobilities for a perfect crystal. The calculated Hellwarth electron mobilities for the P4/mnc (24 cm 2 V −1 s −1 ) and P2 1 /n (20 cm 2 V −1 s −1 ) phases of Rb 2 SnI 6 are significantly smaller than those calculated for Cs 2 SnI 6 (98 cm V −1 s −1 ). The increase in electron effective masses seen in the Rb 2 SnI 6 phases will play a crucial role; however, when considered alone, they are insufficient to account for the dramatic difference between the experimental mobilities. Instead, the trend can be attributed to two additional factors: First, the Rb 2 SnI 6 phases show considerably larger static dielectric constants (∼8.4) than Cs 2 SnI 6 (7.2), due to an increase in the ionic component of the dielectric response. Analysis of the zone center phonon eigenvalues and eigenvectors reveals that this is due to an increase in the number of low-frequency polar phonon modes that can contribute to the dielectric response of the lattice. These additional modes and their increased polarity result from the symmetry breaking in the Rb 2 SnI 6 phases, which reduces the degeneracy of several modes in the highly degenerate Cs 2 SnI 6 phonon spectrum. Second, the high-frequency dielectric constants of the Rb 2 SnI 6 phases are slightly reduced, likely due to the changes in the iodine sublattice. Together, these factors result in significantly larger electron−phonon coupling constants (α) of 2.83 and 2.98 for the P4/mnc and P2 1 /n phases of Rb 2 SnI 6 , in comparison to just 1.45 for Cs 2 SnI 6 . The a Band gaps and widths are provided in eV, and effective masses are given in units of the bare electron mass, m 0 . Figure 9 . Calculated band alignment (HSE06+SOC) of the P4/mnc and P2 1 /n structured phases of Rb 2 SnI 6 relative to those of Cs 2 SnI 6 . a High frequency (ε ∞ ) and static (ε S ) dielectric constants are given in units of the permittivity of free space (ε 0 ). Frequency ( f) is in THz. 
Article increased coupling, combined with larger effective masses, results in significant effective mass renormalization and small polaron relaxation times. We note that the effective-response frequency is larger in Rb 2 SnI 6 than in Cs 2 SnI 6 , suggesting a stiffening of the lattice. Further investigation into the IR response of the modes indicates that the symmetry breaking also allows for increased polarity of the higher-frequency phonon modes, thereby increasing the effective-response frequency, with the stiffness of the lattice remaining largely unchanged.
Further examination of the phonon band structure of tetragonal Rb 2 SnI 6 reveals that the tetragonal structure is dynamically stable within the harmonic approximation of forces calculated by DFPT, as evidenced by the lack of imaginary phonon modes (Figure 10 ) at the Γ point, as denoted by the orange circle in Figure 10 . Analysis of the polarization eigenvectors indicates that this mode corresponds to displacements of the iodine and rubidium ions within the structure, which are consistent with cooperative octahedral tilting out of the ab plane coupled to Rb + displacements and map onto the lower-symmetry (a − a − c + ) monoclinic structure observed at low temperatures. This observation is consistent with the structural behavior of Rb 2 SnI 6 observed experimentally. At higher temperatures, dynamic octahedral tilting averages to the tetragonal structure observed by diffraction, yet it gives rise to the lower symmetry suggested from the local coordination environment. Upon cooling, the octahedral tilts freeze in to yield the lower-symmetry monoclinic structure observed in the crystallography. This notion is supported by previous studies of the vacancy-ordered double perovskite family, which have shown that the symmetry-lowering phase transitions in these materials are driven by condensation of the octahedral rotary phonon mode. 65, 69, 70 The lack of imaginary modes in these calculations suggests that anharmonicity may play a role in driving the structure to the monoclinic ground state.
■ DISCUSSION Rb 2 SnI 6 adopts the tetragonal variant of the vacancy-ordered double perovskite structure at room temperature characterized by cooperative octahedral tilting and undergoes a symmetrylowering phase transition from tetragonal (P4/mnc) to monoclinic (P2 1 /n) upon cooling. Temperature-dependent phase transitions in perovskites are typically driven by a size mismatch between the A-, B-, and X-site ions, and cooperative rotation and tilting of the octahedral units occur to improve coordination to the A-site cation by the neighboring X-site anions by collapsing the A-site void. 4, 5, 18, 71 Bond valence sum (BVS) analysis of Cs 2 SnI 6 reveals that the coordination provided to the Cs + ion by the I 12 cage results in a Cs valence of 1.156, indicating that the cesium is potentially overbonded by the surrounding iodine network in the cubic structure (using tabulated parameters). This analysis provides an explanation for the observation that Cs 2 SnI 6 does not appear to be susceptible to temperature-dependent phase transitions or distortions of the local coordination environment. BVS analysis of the previously reported cubic structure of Rb 2 SnI 6 yields an under-bonded BVS for the Rb + ions of 0.891, indicating that the Rb−I bond distances are too long to provide adequate coordination to the rubidium ions in that structural model. 61 The bond valence of rubidium is improved in the tetragonal (0.939) and monoclinic (1.069) structural models, consistent with the observation that Rb 2 SnI 6 adopts both the tetragonal and monoclinic variants of the vacancy-ordered double perovskite family, as well as with DFT-based calculations that show the dominating role of electrostatics in determining octahedral tilting patterns in perovskite halides. 4 Further, this lends support to our hypothesis that dynamic octahedral tilting occurs readily at room temperature to yield the tetragonal structure by diffraction yet reduced symmetry in the local coordination environment. This notion is further supported by analysis of the phonon spectrum of Rb 2 SnI 6 , which indicates that the lowest-energy optical phonon corresponds to octahedral tilting and rubidium ion displacements that together map onto the lower-symmetry monoclinic structure. Parameters used in the BVS analysis are shown in Table 5 .
Analysis of the band effective masses suggests that static cooperative octahedral tilting does not play a strongly significant role in dictating the charge transport behavior in Rb 2 SnI 6 . While octahedral tilting in Rb 2 SnI 6 induces subtle changes in the close-packed iodine framework and yields slightly larger carrier effective masses than in the cubic Cs 2 SnI 6 (by a factor of 1.5−1.8), these structural changes alone are not sufficient to account for the trend in carrier mobilities observed experimentally. Rather, calculation of the electron−phonon coupling characteristics of Rb 2 SnI 6 indicates that the lower symmetry due to octahedral tilting yields a larger number of low-frequency polar phonons that contribute to a large static dielectric constant and subsequently stronger electron−phonon coupling that significantly reduces carrier mobilities. Therefore, . Further, the trends in carrier mobilities observed experimentally are captured by the computationally derived Hellwarth electron mobilities (μ e H ), as also shown in Figure 11 . Therefore, we might expect that vacancy-ordered double perovskite materials with tolerance factors closest to unity will exhibit weaker electron−phonon coupling interactions and higher carrier mobilities. Cations that are too large for the Asite can introduce soft, anharmonic lattice dynamics that produce tightly bound polarons that localize charge carriers and impede charge transport, as in (CH 3 NH 3 ) 2 SnI 6 and (CH-(NH 2 ) 2 ) 2 SnI 6 . 25 In contrast, cations that are too small yield structures of reduced symmetry, as characterized by cooperative octahedral tilting and rotation. This slightly distorts the closepacked halogen sublattice and increases the number of lowlying phonon modes that contribute to stronger electron− phonon coupling interactions and reduce carrier mobilities.
■ CONCLUSIONS
Replacing Cs
+ with the smaller Rb + ion in the vacancy-ordered double perovskite Rb 2 SnI 6 is accompanied by significant changes in structural and electronic behavior. Electrical conductivity measurements of Rb 2 SnI 6 indicate that, similarly to Cs 2 SnI 6 , Rb 2 SnI 6 is a native n-type semiconductor. However, the carrier mobility is reduced by a factor of ∼50 for Rb 2 SnI 6 compared to Cs 2 SnI 6 . Structural analysis through highresolution synchrotron powder X-ray diffraction indicates that Rb 2 SnI 6 crystallizes in a lower-symmetry structural modification of the vacancy-ordered double perovskite structure, characterized by cooperative tilting of the [SnI 6 ] octahedra (a 0 a 0 c + ). Upon cooling, Rb 2 SnI 6 undergoes further octahedral tilting to a monoclinic structure (a − a − c + ). X-ray and neutron pair distribution function analysis reveals that the bonding environment is best described by the monoclinic structure at all temperatures, which becomes thermally averaged to higher symmetry at ambient temperature. No structural distortions are observed for Cs 2 SnI 6 to T = 10 K. Density functional calculations reveal that the reduced carrier mobilities observed experimentally in Rb 2 SnI 6 relative to Cs 2 SnI 6 arise from stronger electron−phonon interactions and subsequently smaller Hellwarth electron mobilities in Rb 2 SnI 6 due to an increase in the number of low-frequency phonons that contribute to the dielectric response of the lattice, rather than a trivial increase in band effective mass. This observation suggests that the polaron characteristics and charge transport behavior in the vacancy-ordered double perovskite family can be tuned by introducing cooperative octahedral tilting distortions through judicious choice of A-site cation and further predicted bond valence sum and the perovskite tolerance factor.
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Temperature-dependent neutron diffraction data (PDF) Crystallographic information file for tetragonal Rb 2 SnI 6 at T = 295 K (CIF) Crystallographic information file for monoclinic Rb 2 SnI 6 at T = 100 K (CIF) 6 , and (CH(NH 2 ) 2 ) 2 SnI 6 are taken from a previous study. 25 For Rb 2 SnI 6 , the μ e H value is calculated from the tetragonal structure. 
Chemistry of Materials
